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THE ENERGY OF DETONATION

By:
Sigmund J, Jacobs

ABSTRACT: In this paper the energy of detonation i3 calcu.
lated for a "gamma law" gas using two simple models for the
hydroaynamic problem, In the first a Taylor wave expansion
follows the detonation, In the second a piston follows the
detonated gas to maintain a constant pressure in it. The
energy distribution 1un the Taylor wave is found for the case
gamma equal to 2. It is shown that the average energy
release by the chemical reaction per gram is glven by:

eo = P1/2(¥ - 1), where py is the C-J pressure and P, is
the initial loading density to produce that pressure, The
value of gamma, taken as constant, can be evaluated from
detonation pressure data. These approximate results should
be of use in gaining an understanding of the disposition of
energy in a detonating charge of finite dimenstions.
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The report oresented herein is based on a paper that was
given at a symposium which was held in May 1956 at the
Ballistic Research Laboratories. This paper is now pub-
lished as an unclassified report to make the information
accessible to a larger group of people who may be inter-
ested in the contents, The results obtained and the
conclusiong represent the oplnions of the author, While
the results are considered valid and informative, they
may not represent the final Judgment of the Latoratory.
The work was done undzr Task MAssignment NCL 260 Ln the
Detonation Division of the Explosives Pesearch Department,

W. W, WILBOURNE
Captrin, USN
Commander
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THE ENERGY OF DETCOMNATION

I. lntroduction

A perennial question concerning expiosives is "how much
work can tne explosive perform upon its environment when 1%
is devonated?” Though the answer is bound up in the theory
of detonations and rzreifactions followlng detonatlions, it has
never been clearly brought ~ut, This is prouvably Jdue to the
complexity of the thermodyn.mic hydrodynamic proble~ which is
usually brought to mind when the questicn is pesed, In this
paner an attempt Ls made tce angwer the question Ly semi-
quanvitative solution c¢f & typical detonmation problem using
simplifying assumpticons, Details of the energy distribution
and a summation of Tue rotal encrygy released by a2 glven quan-
tity of explostve are trought out. Two models are chosen:

a) a onc-dimensional detonation in a eclcsed cylinder, and

b) a one-dimensicnal detonation in a cylinder in which a wils-
ton does work on the explosive at a rate given by the particle
velocity in the steady detonation., It is found that the
energy released per gram can be easily accounted for in both
the nonsteady prccess, a), and the steady process. b)., This
gnergy is just the energy ot exploaion at constant voiume as
will bz shown by a comparison with the Hugonlot relattiorn,

The result is probably not new and might have been antici-
pated but the methold should lead %o a better understanding of
the cnergy of detonation, It is believed that a better under-
standing o the detonatlor energy can assist us in improving
the efficienzy of energy transfer, uvne of the major goals of
Jsrdnance research,

II. Tne Eguation of Syate

The ideal poly‘rople gas ossumption has made L possible
Yo develop a conslderable amount of kacwledge ccacerning real
/ gases at modurate pressures even though it 1y known that real
. gases o not nave constant specific peats. for s similar
reasnn, the uce of the peolytroplic gac equation for the very
; nen-idzal gases resulting from th:: detonation of golid exelo-

sives i3 very «*iractive, Coustlderable packpround a0 - een
tullt ur £o give us confidence *n Lhe uee of this approxi-
mation shich may be expressed by b2 igeabeopic €. on:
D= AR 1)
1

- .- cemma meme e o am e AT A T e e R .
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In equation 1), "A" is a function of entropy. ¢ 1s a con-

. rant which may be as large as 3 or more, This equatlon has
tne virtue of simplifying both thermodynamic and hydrodynamic
calculations, Hydrodynamic calculacions, particularly for
the case ¥ = 3, have shown satisfactory agreement with exper-
iment over wide ranges of pressure, The fit to isentrople
expansion curves derived from more detalled calculation with
cquations of state belleved to be more acceptable iz qulte
good . as can be szen lp Figure 1. Here, the pressure computed
by Pickett and Cowan 1) for a modified Kistlakowsky-Wilson
equation of state for 65/35 cycloto) is seen to vary almost
as the cuke of the,g?nsity. The measur?d pressure oy, deto-
nation, e.g., Deall?’/, Duff and Houston 3), Mallory\“) permit
us to compute ¥ and A at the C-J state when egquat!.» .; i3
nsed, An extensicn of equation 1) which becomes 2 more
general equatlon of state will ne adopted, namely:

e = p/(¥- 1) 2)

wherc e 1s the internal energy per gram. Zquation 2) is true
for ideal polytropic gases where ¥ is defined as the ratio
of specific heats, Equatlion 1) for entropy, &, constant fol-
lows from equation 2) because of the thermodynamic relation

de = T ds - pdv 3)

Certainly equation 2) holds to the extent that 1) 1s true for
the single isentrope through the C-J state provided we set

e = O when < = 0, a most reasonable choice. In the discussion
to follow the energy defined by equation 2) ls ccmputed unly
along the curve s = 3(C-J) except where ncted.

III, The Available Work in a Detonation (Mcied I)




NAVOKD Repo:rt 43606

Let us consider a model in wnich explosive is loaded into
a rigid (non—expanding) cylinder of unit cross-section and of
unit length., The density of loading is ”As. The initial

p: *“sure is takeu as 7ero, Let the expleosive column be con-
fined at each end by rigld cliosures. This gives us a closed
bomb of constant unit volume, Figure 1. Let us assure that a
detonation witn negligible reaction zone is started at x = 0,
and proceeds tc the right. There will be a sudden rise to the
detonation pressure, as the wave progresses, followed by a
spreading rarefaction, At a time t = 1/D, the detonation
front will reach the right boundary at x = 1, At this instant
all of the explosiv2 is detonated. Because the confining wr'ls
and cloaures have nol moved. the external work dcoe by the
products cf explosion is zerc., 1Inside the contairer the pre~-
sure, density ard particle velocity will be distripbuted, as

showts by Taylor(5) in a g}mple (or progressive) rarefaction
wave, As shown by Colel the particle veloci{y will be zero
in (he region 0<x£ 1/2. 1Iu the region 1/24x«<* the particle
veloclty will pe a lines.ly function of distance. It will
have the value u = uj, at x = 1, For the detonation front the
followlng well knowr conditions express the conservation of
mass, momentum and energy, re-pectively:

~1/% = D/{D - u) 4)
D+ = Dul ‘Oo 5)
e - ey = % Py {-J./(oo - l/ﬂl] 6)

The C-J *potesls imposes the further liimitation:
D - Uy = cq 7)

¢y 1s the sound speed Liuncdiately uchind Lhe detonation fronc,
The polytrcpic ras assumption (Eq. 1) +¢ads to the result:

D/ul = K + 1 8)
This follcws from equations 1), %), 5) and 7) and the defi-
nivion of sound speeds ¢© = (dp/d & )s.
From 4) and s}

Py = (D -uy)@y vy
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with equation 7) thlgc gives:

Py = €119 )
By definiticn of ¢ and equatlon 1)
2. ¥ ARl .y o/ 10)
By equaiulng pressures in state 1):
cle("l/b’ = ¢y Pquy 11)
Therefore:
cy/uy = -3 12)
and
Dfuy = ¥+ 15 Dfey = (¥4 1)/ 13)

The Taylor expansion is characterized by a centered rarelac-
tion as shown in Figure 3,

x/t = uy + ¢y = Cp

e u, = 0
2s Pos Yy P1s (01,/\,11, x/t =D
x/t
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In tne alsence of Lhe left boundary restraint the expansion
would be a continuous fan of straight lines terminating at a
particle veiocity consistant with ¢ = O, The left boundary
condition, . 0 2t x = 0, causes the wave to cease expanding
wineh U - 0, This rriates o steady region, III, The straight
lines x/t = constant are, by Riemann's theory, (see, e.g.,
Courant & Frisdricks(7} or slope equal to u + ¢ wnicn remains
constant on each of the lines. At the detonaticr {ront
U+coauy +ooy = D, the detonatlon velocity. Ir the region
of expansion & 13 a monatonic furction of c¢. The value of u
1s derived from the Rlemann condition

<

du = de = cd P/ 14)
For isentropic expansion based on equation 1)
u -y o= 2(e - e)/(¥-1) 15)
Therefore:
X/t =u+c=u +c+20c-c3}/(F-1) 16)
When t = 1/D
x = (u+c¢)/D; u 20 17)

Sutstitutions and simplification of the result leads to the
equation:

T SRV SRRV 18)

c/oq = [(a'n 1) x + 1_] /¥ 19)

p and @ are related to ¢ by equatiocn~ 10) and 1) sc we may
write:

o/py = (cfe)? ¥/ 1) 20)

Cloy = (c/cl)e/(r" 1 21)

This glves us p and 2 as functlions of x by using equation
19). Te sclve the problem at hand we also need u as a func-

tdoan nf v Thie 1a oftvar Notng amsatrdian 17\ ke
PR AN LR AR A T L A B (R PR P A jy vy

u/D =x - ¢/D

6
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or:

u/cl = (¥+ 1) 220~ c/c1
which simplifies bty equation 19) to:

u/e, = (e x -1)/ ¥ 22)
The e« av in the cylinder avallable to do work at the time

the deronation icazien the point x = 1 18 distributed as
kineti: snd potential ard carn c. :woreszsed as follo.a:

K,E, = f L u?( “y dx 23)
/a2

Fotential Frergy (1/2< x «1):

(PcEO)II .\/_,l_ px (0 dx 2“)
ASe /_) ’

\(“x

Kinetic ¥#vergy:

Potentiel Energy (0<x4l/2); the steady region:
(P.E.) = ] p2l 2 )
III Po\er. 1 5
| 1

The sum of these three terms express the total energy in the
system, Integrals can be evaluated by substitution of p,

@ and u as functions of x. The integration is quite simple
for ¥ = 3 and nnly this =clution will be given here.

Solution feor & » 3:

¢, p, <@ and u become functions of x only by cquations 19),
20), 21) and 22). These functions are (for ¥ = 3):

cy = cq (2x + 1)/3
pe = by (2x + 1) f2r

e, = ey (2x +1)/3
Uy * ¢y (ex - 1)/3
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When x = 1/2; pp = 8 py/27

The total energy in the system 1s therefore:

2 ' »
E=C1°%% {2x - 1) (2x + l)dx
54 Ya

{

+ 2 / (ex + 1)3 dx 26)
5k _Jifa.

+ 2 91/:27

The sclution of the two integrals are easily found. The
values af'ter substitution of the 1limits are 11/24 and 65/8
respectively, The energy 1is therefore:

E = &1 (11 + 65 + 32)/u32 - &-‘1/’4 27)

In equation 27) we have substituted 3p, for the term
0 1c§ by using equations 9) and 12).

If we rccall that this exercise was based on 2 cylinder of
unilt cross-section and unit length, we see trat the energy

is given per unit volume of explosive. Equation 27) therefore
says that the energy per unit volume of explosive wnich is
avallable to do work i1s py, the detonation pressure, divided
by 4, We shall soon show that when ¥ differs from 3, the
energy is py/2(¥ - 1). The energy per gram 1s therefore

e = p1/4 P, for ¥ = 3 and P1/2f% (¥ - 1) for any other value

of gamma. An interesting point is the distribution of energy
as shown by equation 27). We see that 11/108 or about 10% is
kinetic 2nergy which exists only in the right half of the
cylinder, $5/108 or about 60% 1s potential energy in the right
nalf of the model, The remaluder, about 30%, is pctential
energy in the left half of the -vlinder, The odistribution of
energy 1s shown graphically in Figure 4, The distribution for
¥ slightly different than 3 should not be tor different.

IV. The Available Work in a Detonatioun (Model II)

A

A simpler approach to findlng the energy in 2 detonaticn
1s now .onsidered. As before we use a cylinder of unit crecss-
section ana or un:t leogia, Bigure 5, A pis.con is moved atl
velocity, u = Uy, to confine the gaseous products of deftoration

O
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[Y ) —
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8
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Figure 5

while the wave propagates to the right. In this way no
expansion of the gas occurs so that at time t = 1/D when

the detonation front is at x = 1, the piston will be at

x =u/ «1/(¥+ 1), Pressure, density and particle veloc-
ity will be uniformly distributed LIn the space between the
piston and x « 1, Work has now been done on tine gas by

the riston, If we sum up the potential and kinetic energy
in the gas and subtract out the work acne, the residual

will be energy which must have been derived from the explo-
stion The kinetic energy fcr the unit volume !s obviously
«°ou§/2¢ The potential energy is Pl/(J'- 1)@, per gram or
P1P./(¥ - 1)@y for the unit volime initlelly used, The work
dove by the piston pushling with a force p; per unit area

is p; x or (p}/(a'+ 1) when the detonation wave reaches x = 1,

The energy wnlch must have come from the chemical decompo-
sition 1s therefore:

B /24 py O /Y- 1)@y - py(ae 1) 28)
Substituting py = (¥ + 1}, w)® and @ /o, =¥ /( ¥+ 1) we get

E“pl 1 _+ X - _
2y + 1 (¥+1)(¥y-1) y~+1

which simplifies to:

i

E=p /2(¥- 1) 29)

per unit of inttial volume,

10
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The enerygy release per gram 1is:
e =py /2(8- 1)A, 30)

It is interesting Lo note that the result expressed Llv equa-
tion 30) ts fust the term e€o in the Hugonlot relation,
equatlion 6), This is seen as fnllows:

From equatior ():
eo = el = Qi | (l/po = 1/-/01)/2 31)
writing €1 = pl/(x" l)pl and .’OO/{QI b 5//( ..0,4- 1Y we oets

o = P} { ¥ -1+ ¥
o HU+1)(?-U 2 Z(g+ 1)

which simplifies ¢r:
eq = p1/2(¥ - 1) o, 32)

It is therefore quite clear that we can associate the energy
availabie to perform work with the e, term, 1,e., the energy
of detonation in the Hugoniot equation, irrespective of
whether the release of energyv is by a detonation process or
not. A uniform constant volume exploslion 1n which a wave 1is
abszaent would, for example, result in the same quantlty ep
being converted from chemical energy to thermal energy. In
this case ; = so that e; = e, in equation 6). By using
the general sense of the equation of state; equation 2), we
find that the pressure for a constant volume explosion is
Just 1/2 of the detonation pressure, This result which ls

-8 L=~

by the use of more elaborate cyuatlions of state,

vV, Discussion

The result of the foregoling calculations snow that a deto-
nation gets its energy to sustain itsclf from both chemlcal
reaction and the isentroplc expansion of the products of
detonation, This exparsion replaces the piston on which work
must ue done to sustalu a steady pressure at the detonation
frout, The net evergy releasca ¢y vne detonating explosive
is the same as that 1eleased from the chemical process for a
corstant volume explosion as should be expected,

11
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It is interesting to compare the energy term, e,, derived
from cetonation pressure measurements with the energy of
reaction glven by arbitrarily writing down a chemical ~eaction
for the explosive decomposition, Data for detonztion pres-
sures are avallabie for a few explosives., These are tabulated
in Table 1 and the value of energy. e, computed using equa-
tion 32) is compared Yéth Q, the energy of reaction as giver
by Christian and Snay{®) for two arbitrary reaction processes,
The resgults are i1n good agreement except for TNT. It should
be not=s? thav Qy 18 calculated leaving the procducts at stand-
ard state, that is, 2989K. e, on thz other hand assumes a
reference state of p = O which implies 0°K, A tevm must
therefore be added to the values of Qy for an assumed (ideal?)
gas expansion to 09K, This will increase these numt--"C DYy
about 5-10%, On the other hand the assumption of constant ¥
throughout an isentropic expansion, (.s we have dore in
deriving e,) also tends to underestimate tae value of €g. The
agreement is therefore brought into line by compensating errors,
1t might be said.

There are refinements that can be taken to arrive at more
precise calculations, We are already working on a more suit-
able equation of state which, though arbitrary, will neralt
us to zz30ciate cne low pressure polnts in the pressure-density
relation zasong the isentrope with the temperature, ''he usual
thermochemical standard state can then be established for
tiils curve, In this equation y will be a variable which
approaches the idesl gas value at low pressure, Values of ¥
other than 3 should be tried in the present analysis to see
the effect of ¥ on the energy distribution. This we expect
to do,

By the introduction of a straightforward method to inte-
grate the energy in a simple detona*ion model, we hope to
nave suggested the way towards the computation cf efficlency
of energy transfer in systems which may be closer to realis-
tic,

VI, Conclusions

1. The energy and the energy distrtbution in a Taylor
wave has been computed for a gamma law with gemma =qual to 3,

2. The energy which must come from the chemical reaction
has been computed for ? modele ar wsell aa for rhe Hugoniot
relation and the resulfs agree, 7The total energy of the
explosion products above a ground state taken at p = O is
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found to be equal to p}/2(¥ - 1} @, where Py is the detonation
pressure and (°, is the initlal loading density ¢o produce
this pressure,

3. Enecrgies ceclculated by the method given here using
measu =G 2t mztion pressure data glve reasonable agreement
to the energy of explosion «t -~ ~~~tent volume calculated frem
the chemical decomposition,

4, 1In the case of THT, the energy calculared i'rem deto-
nation pressuic 18 too low, Thls suggests that both the
chemical reactlon and the measured preasure should be reexam-
ined. Tossible scurces of discrepancy zre: a) an error in
the prezsuce measurzment; b) incomplete reaction; for exampic,
atomic carbon may not crystallize quickly thus reducing the
energy; ¢) the solid carbon may not transfer its energy to

he gas on expansion so that the computed work may be lower
than the thermal energy relsased by the reactious. More

refined calculations by Fickett lead to a result in gualitvative
agreer.ut witn that found here.

5. The results obtained in this paper snould »e of agsist-
ance in understanding the detonation process in cluaczes of
fintte size,

6, Use of a gamma law for explosives generalized to an
energy relation which becomes a caloric equation of state is
a practical simplification for the sosution of thermo-
hydrodynamic problems and is a means for obtaining answers
which reasonably approximate the results of more involved
assumptions,

14
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